Stress-induced lattice distortions, that is, a tensile or compressive strain of the crystal structure, can significantly influence the physicochemical characteristics of materials by enhancing/inhibiting specific properties or by enabling new functionalities not allowed in the unperturbed structure. Strain engineering offers indeed a new route to tune the characteristics of a material for example by modifying the electronic bandgap[@b1], multiferroic[@b2] or catalytic[@b3] properties, thermal conductivity[@b4] and charge transport[@b5][@b6][@b7][@b8].

To investigate the effects of strain, epitaxial thin films are typically used where the strain is induced by a lattice mismatch at the interface with the substrate. For highly ordered epitaxial films, established models exist, which assume elastic distortions and coherent growth, that is, a 1:1 matching between all lattice planes[@b9][@b10][@b11]. The upper limit of the strain is in this case the lattice mismatch between film and substrate. In general, however, we often deal with semi-coherent heterointerfaces where it is energetically favourable to reduce the elastic energy by introducing dislocations. Already a mismatch exceeding ∼1% is typically not expected to be fully accommodated[@b9][@b10][@b11]. The growth mode (layer-by-layer or island-like) also influences the effective strain through the surface morphology and relaxation behaviour[@b12][@b13][@b14].

Monitoring the stress and the growth mode *in situ* (during the growth) allows investigating fundamental mechanisms of stress generation and evolution from the initial nucleation to the onset of relaxation. Literature concerning the *in situ* diagnostic of stress/strain generation and evolution during the epitaxial growth of oxide films is scarce. Here, we address this topic measuring simultaneously *in situ* the stress with a multi-beam optical stress sensor (MOSS) and the growth mode by reflection high-energy electron diffraction (RHEED) during pulsed laser deposition (PLD).

When a stressed film grows, the substrate bends minimizing the elastic energy. Stoney\'s equation[@b10] correlates the substrate curvature 1/*ρ* with the film stress *σ* as

where *ρ* being the ray of curvature, *τ* and *τ*~s~ the film and substrate thicknesses, *ν* and *Y* the Poisson ratio and the Young\'s modulus of the substrate and *σ* the average film stress. As sketched in [Fig. 1](#f1){ref-type="fig"}, the MOSS uses the deflection of laser beams to measure the change in curvature, and thus to monitor *in situ* and in-plane the stress of the growing film[@b10]. In contrast, conventional X-ray diffraction analysis yields the strain, *ex situ* and out-of-plane.

The in- and out-of-plane strain of a film, *ɛ*~*xx*~ and *ɛ*~*zz*~, are related through the Poisson ratio[@b9] *ν* as

For most materials 0\<*v*\<0.5, implying that an in-plane tensile (compressive) strain of the unit cell corresponds to an out-of-plane compressive (tensile) strain.

Different *in situ* strain diagnostics have been applied for thin films. The strain evolution of Ba~0.5~Sr~0.5~TiO~3~ thin films grown on MgO was investigated using real-time X-ray diffraction[@b15]. This is undoubtedly a very powerful approach but it requires a synchrotron light source[@b16] precluding its application as a routine measurement technique. RHEED was also employed to monitor the in-plane strain evolution, for example, during the growth of BaTiO~3~ on SrTiO~3~ (refs [@b9], [@b14]). This specific application of RHEED is very rare, even considering the widespread use of high-pressure RHEED. In fact, to minimize electron scattering, it can only be attempted at low pressure, a growth condition unsuitable for many oxides. A wafer curvature measurement similar to MOSS was used during PLD of BaTiO~3~ and SrTiO~3~ ultra-thin films on a Pt cantilever[@b17]. The main advantages of MOSS over similar deflection techniques are that one can use any substrate, no position sensitive detector is needed and that the noise is reduced through multiple beams[@b10].

Several examples of MOSS (or similar techniques) applications for studying the stress evolution during the growth of semiconductor or metal thin films exist[@b18][@b19][@b20][@b21][@b22][@b23][@b24], whereas reports on MOSS diagnostic with oxide materials are very rare[@b25]. To our knowledge, this technique has never been applied simultaneously with RHEED during PLD, the most widespread method for the growth of oxide films. In particular, by coupling the MOSS with RHEED, the stress state of the growing film can be correlated with the growth mode from the initial nucleation to stress relaxation, thus providing a unique diagnostic tool.

15 at.% Sm-doped CeO~2~ (SDC) is the material selected for this fundamental study. SDC is an oxygen-ion conductor used as electrolyte in solid oxide fuel cells (SOFCs), environmentally sustainable electrochemical energy converters[@b26]. The oxygen ion conductivity *σ*~ion~ is described with the Arrhenius equation

*T* being the temperature, *σ*~0~ the pre-exponential factor, *E*~A~ the activation energy and *k*~B~ the Boltzmann constant. Currently, the most accepted hypothesis is that tensile strain lowers the activation energy for the oxygen-ion hopping by increasing the migration volume[@b7][@b8][@b27]. Consequently, larger ionic conductivities could be achieved at lower temperatures, with important consequences for technological applications.

Here, as a case study for the first MOSS plus RHEED application during PLD of oxide materials, the fundamental question of how strongly homogeneous strain can affect the ionic conductivity in a single crystal is addressed. This fundamental question is of interest as controversial results have been reported on the magnitude of the effect of strain on the ionic conductivity[@b8][@b27][@b28]. The increase in conductivity ascribed to strain effects spreads over several orders of magnitude showing the need to evaluate the effect using samples where any potential side effect is minimized and where the strain/stress state is unambiguously identified.

To achieve this goal, thin films of high crystalline quality---as close to a single crystal as experimentally possible---but with different strain values are employed as model systems. The MOSS is particularly suited for this investigation as the stress state can be probed in-plane, precisely in the direction of the ion migration during conductivity measurements, and *in situ* in a temperature range similar to the operating temperature of SDC for technological applications. This study confirms that tensile strain indeed leads to a decrease in activation energy showing that the effect is relatively small, roughly a factor of 2 at around 350 °C. But more importantly, we show here the potentials of MOSS diagnostic as an invaluable tool for strain engineering in Materials Science.

Results
=======

Strain generation and evolution on different substrates
-------------------------------------------------------

To study the strain generation and evolution in SDC films, MgO, NdGaO~3~ (NGO) and LaAlO~3~ (LAO) single-crystal substrates were used; [Table 1](#t1){ref-type="table"} reports their crystallographic properties, the expected epitaxial relations and the in-plane lattice misfit with 15 at.% SDC (cubic fluorite structure with a lattice parameter of 5.43 Å). NGO and LAO provide a lattice mismatch in a suitable range to expect epitaxial films of SDC in tensile and compressive in-plane strain, respectively. On the contrary, the large lattice mismatch between SDC and MgO may prevent any crystallographic matching leading to a fully relaxed growth from the start. [Figure 2](#f2){ref-type="fig"} compares the MOSS *in situ* stress characterizations with the X-ray diffraction *ex situ* strain measurements of (001)-oriented SDC films on the different substrates. The MOSS measurements are reported as stress-thickness product (directly proportional to the curvature, from the Stoney equation [(1)](#eq1){ref-type="disp-formula"}) in function of thickness, a plot commonly used in the literature for wafer curvature measurements[@b19][@b20][@b21][@b22][@b23][@b24][@b25].

As expected, during the growth on MgO, the stress-thickness product, that is, the substrate curvature, remains constant indicating that the film grows without exerting any force on the substrate, that is, stress free. Correspondingly, the X-ray diffraction analysis shows a fully relaxed crystalline structure. The large lattice misfit is accommodated by a high density of interfacial misfit dislocations that fully release the stress as revealed by transmission electron microscopy, discussed below. For the SDC film grown on NGO, the positive curvature indicates that the film exerts a compressive force on the substrate surface and bends it: the film is under in-plane tensile stress, which originates at the very beginning of the growth. The constant slope of the stress-thickness product ([Fig. 2a](#f2){ref-type="fig"}) shows that the stress is constant to a film thickness of 33 nm. An average stress of ∼3.3 GPa can be calculated. The tensile in-plane stress is in agreement with the compressive out-of-plane strain of −0.52% measured *ex situ* by XRD. The XRD analysis of the 33-nm-thick SDC film on LAO reveals an average out-of-plane tensile strain of 0.37%. Comparing this value with the theoretical lattice mismatch of 0.49% between the two materials, we conclude that ∼25% of the theoretical lattice mismatch is lost, most probably through interfacial misfit dislocations. Accordingly, the *in situ* MOSS measurement ([Fig. 2a](#f2){ref-type="fig"}) shows in this case a constant compressive in-plane stress. In accordance to the slightly smaller strain value measured out-of-plane on LAO compared with NGO, the MOSS shows a smaller value (∼3 GPa) of average residual and effective stress for the same total film thickness.

When a strained epitaxial film grows, elastic energy is accumulated until it becomes energetically favourable for dislocations lines to move through the crystal, relieving the strain[@b9][@b10][@b11]. Experimentally, mismatch values up to around 1% can be expected to be fully accommodated[@b11]. With the materials and growth condition selected here for SDC, 0.4--0.5% strain was induced starting from a theoretical lattice mismatch of ∼0.5--0.6%. One possible explanation for the stress relaxation could be the growth mechanism. During the SDC growth on all the three different substrates, RHEED did not show a two-dimensional layer-by-layer growth. Instead, RHEED revealed a three-dimensional growth mode, also known as island or layer-plus-island growth mode. Such a growth mechanism along the (001) crystallographic orientation of ceria films has been reported and explained[@b29]. This growth mode facilitates the nucleation of dislocations[@b12][@b13], which assist the strain relaxation.

Tensile strained SDC films for electrical characterization
----------------------------------------------------------

To allow a reliable in-plane electrical characterization of thin ion conducting films, the growth platform must add a negligible contribution to the total conductance of the sample. Among the substrates used in this study, only MgO fulfils this condition. As an example, at around 600 °C, the resistance of an NGO substrate is similar to that of a 10-nm-thick SDC film with the same area[@b30]. However, although MgO is an ideal substrate for conductivity measurements, it only allows the growth of fully relaxed SDC films.

In previous studies, SrTiO~3~ (STO) was used as a thin epitaxial buffer layer on MgO to favour a highly ordered growth of ceria films on an insulating substrate[@b31][@b32]. More recently, it was found that an additional thin inter-layer of BaZrO~3~ (BZO) with a thickness of 5 nm grown between MgO and STO improves the crystalline quality of the STO layer[@b33]. The same sample design described in ref. [@b33] was used here. The 5-nm-thin STO seed layer does not significantly affect the conductance of the sample while providing a lattice mismatch of ∼1.6% (for the fully relaxed structure) with respect to SDC, which will induce an in-plane tensile strain in epitaxially grown SDC.

[Figure 3a](#f3){ref-type="fig"} shows the XRD analysis of three epitaxial SDC films, 13, 20 and 83 nm-thick, grown on the (001)-oriented MgO+BZO+STO template platform (hereafter we will refer to this template platform as MgO-BS). In spite of the small thickness of the layer, the *ω*/2*θ* scans allow a rough estimation of the out-of-plane compressive strain of the STO layer between 0.1 and 0.5%, thus the misfit between the growth platform and SDC is expected to be in the range of 1.7--2.1% in-plane.

The BZO+STO layers were deposited at around 765 °C. The 20- and 83-nm-thick SDC films on MgO-BS were deposited at 650 °C, the same temperature used for the films on MgO, NGO and LAO. To probe the effect of temperature on the developed stress, the 13-nm-thick film was grown at the same temperature used for BZO and STO.

The shift of the diffraction peak of these three films towards larger 2*θ* angles indicates different out-of-plane compressive strain values ([Fig. 3b](#f3){ref-type="fig"}). To quantify the strain in-plane, reciprocal space maps (RSMs) were recorded. As an example, the RSM acquired along the (204) asymmetric diffraction of the 20-nm-thick SDC film grown on MgO-BS is reported in [Fig. 3c](#f3){ref-type="fig"}. The 20-nm-thick film shows the largest in-plane tensile strain, that is, 0.35%.

As expected, the crystalline structure relaxes with increasing thickness: for the 83-nm film, an in-plane strain of 0.24% is found. The 13-nm-thick film grown at the higher temperature shows the smallest in-plane tensile strain value of ∼0.1%. This can be explained by considering that for a film to relax dislocations have to nucleate or existing dislocation lines have to be mobile. The mobility of a dislocation can be described by a periodic energy barrier that can be overcome by accumulating elastic energy or by providing thermal energy[@b9], which facilitates the relaxation process.

[Figure 3d, e](#f3){ref-type="fig"} shows the results of the *in situ* MOSS plus RHEED measurements performed during the growth of the SDC films on the MgO-BS template platform. [Figure 3d](#f3){ref-type="fig"} reports an example of the wafer curvature measurements showing the capability of MOSS diagnostic to probe *in situ* the in-plane stress of the different layers during the growth of a complex heterostructures.

Owing to the very good lattice matching between MgO and BZO, no significant wafer curvature (stress) can be observed during the growth of the 5-nm-thick BZO layer. On the contrary, the lattice mismatch between BZO and STO (as large as 7%) induces an in-plane tensile stress to the STO film, as revealed by the positive wafer curvature measured by MOSS. It is worth highlighting that for such thin layers the MOSS allows the stress state of the film to be unambiguously identified *in situ* much more effectively than by evaluating *ex situ* the angular position of the broad peaks in the *ω*/2*θ* scans. Within this experiment, the MOSS diagnostic allows resolving the change of the substrate curvature induced by the deposition of films with thicknesses in the ⩾1 nm range.

Finally, the substrate continues to bend in the same direction during the growth of the SDC film on top of STO indicating an in-plane tensile strain of the oxygen ion conductor.

The simultaneous RHEED measurements are shown in [Fig. 3e](#f3){ref-type="fig"}. The RHEED patterns of BZO and STO indicate an almost two-dimensional growth. But, as previously discussed, the RHEED pattern for SDC clearly shows a three-dimensional growth mode from the very beginning of the film nucleation.

[Figure 3f](#f3){ref-type="fig"} shows the *in situ* MOSS measurements of the 20- and 83-nm-thick SDC films grown on MgO-BS, as well as those of the SDC films grown on NGO and MgO for comparison. The data for the 20- and 83-nm-film grown with the same deposition parameters on MgO-BS are in good agreement. At the thickness of 20 nm, the MOSS allows estimating an average in-plane stress of ∼1.5 GPa for both films.

The extent of the average tensile stress retained in the SDC layer on MgO-BS was smaller than on NGO (and on LAO in compressive stress). The much larger lattice misfit and the presence of a larger density of crystalline defects in the double buffer layer as compared with a single-crystal substrate can explain the larger stress relaxation.

The stress-thickness curve shows a constant slope up to  65 nm for increasing film thickness until the curve becomes flat between 70 and 75 nm. A constant curvature indicates that the total elastic energy in the film remains constant even though the thickness increases. This can be related to theoretical models for epitaxial thin film relaxation[@b9][@b10][@b11] according to which above a critical thickness enough elastic energy is accumulated that it becomes favourable for dislocation lines to move. The average stress is then gradually reduced and the total elastic energy remains constant while the film continues to grow. In other words, MOSS measurements allow identifying *in situ* the onset of stress relaxation in the film.

The measured ratio of stress (MOSS) over strain (RSM), equal to *Y*/(1-*ν*), is the same for both the 20- and 83-nm-thick films and in agreement with the literature[@b34] showing that the MOSS indeed reflects directly the average stress of the film.

The morphology and microstructure can both influence the evolution of the strain and the activation energy for oxygen ion conduction[@b35]. The local microstructure of the samples selected for the electrical characterization was investigated using transmission electron microscopy (TEM). [Figure 4a, b](#f4){ref-type="fig"} shows representative examples of SDC films grown on MgO-BS and MgO, respectively.

[Figure 4c](#f4){ref-type="fig"} shows a high-resolution bright-field (BF) STEM image of the cross-section of a SDC film grown on MgO-BS. Selected area electron diffraction and fast Fourier transform analysis reveal very good crystallographic quality showing that the \[001\] zone axis of the SDC film slightly precesses within only ∼1° on the scales of the order of 100 nm. The SDC film grown directly on the MgO ([Fig. 4d](#f4){ref-type="fig"}) demonstrates a cube-on-cube growth in spite of the very large lattice misfit as already reported in the literature[@b36][@b37]. Further, the film shows the presence of local isolated domains rotated by 45° around the substrate surface normal. These isolated defects are not present in the film on MgO-BS. The very large lattice mismatch between SDC and MgO results in a lower crystallographic quality of the SDC film, which shows an average grain size of 40 nm and the SDC/MgO interface characterized by an almost continuous line of misfit dislocations that release the stress still preserving the epitaxial relation. The same kind of interface was observed between Gd-doped ceria and MgO (ref. [@b38]). As reported in ref. [@b33], this difference in morphology does not influence the ionic conduction. These measurements support the XRD and MOSS results that showed a fully relaxed (001) oriented SDC structure for the thin film grown on MgO and the presence of a measurable in-plane tensile strain for the films grown on MgO-BS.

Influence of tensile strain on ionic conductivity
-------------------------------------------------

AC impedance spectroscopy was applied for electrical characterization using patterned Pt electrodes on the film surface. [Figure 5a](#f5){ref-type="fig"} shows the grain interior (bulk) ionic conductivity of three different Sm-doped ceria samples from the literature[@b39][@b40] compared with the measured conductivity of the MgO-BS template platform, which is more than two orders of magnitudes smaller, that is, negligible. [Figure 5b](#f5){ref-type="fig"} shows the electrical characterization of SDC films with different strain values. Activation energy and conductivity values are in very good agreement with reference data for SDC grain interior[@b39][@b40][@b41], showing that the grain interior contribution dominates. The complex impedance plane plots ([Supplementary Discussion](#S1){ref-type="supplementary-material"} and [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}) show a clear polarization of the Pt electrodes at low frequencies, indicating that the dominant charge carriers are indeed oxygen ions, as is well established for SDC under the selected experimental conditions. This leaves no doubt about the nature of the charge carriers.

The activation energy, calculated by fitting the linearized Arrhenius equation [(3)](#eq3){ref-type="disp-formula"} to the data, shows a clear trend with respect to the film strain, that is, it decreases with increasing tensile strain ([Fig. 5c](#f5){ref-type="fig"}). Interface effects (for example, dislocations[@b42]) could also influence the activation energy, resulting in a thickness dependence of the activation energy. This is not the case here ([Fig. 5d](#f5){ref-type="fig"}) suggesting that it is indeed the strain that influences the activation energy. Further, the pre-exponential factor *σ*~*0*~ of the Arrhenius equation varies little ([Fig. 5e](#f5){ref-type="fig"}), showing that the charge carrier density is not affected by the strain.

The change of conductivity is negligible in the high-temperature range, whereas for example at 350 °C (a temperature relevant for miniaturized SOFCs), the bulk ionic conductivity is a factor of two larger compared with the unperturbed crystalline structure as a result of 0.35% tensile lattice strain, which lowers the activation energy by ∼0.05 eV.

The observed influence of the strain values on the activation energy is very similar to that reported in a theoretical study on undoped ceria[@b43]. From the experimental point of view, literature reports on the effect of strain on conductivity for epitaxial doped ceria films are scarce. In ref. [@b44], for example, a very large increase in conductivity with increasing tensile strain was reported. Here a surprisingly large value of strain of 2% was estimated for 10 at.% Gd-doped ceria films as thick as 250 nm. However, in this study, larger strain results in higher ionic conductivity, but also in an increased defect density, yielding a much higher activation energy. The same material coupled with Er~2~O~3~ was used for the fabrication of multi-layered microdots (111)-oriented on sapphire[@b45]. The reported activation energy of the single doped-ceria layer is in good agreement with the typical values reported for this material, even though the total conductivity is surprisingly smaller than the typical bulk conductivity of Gd-doped ceria[@b39][@b41] suggesting that conduction pathways other than through the bulk dominate. However, the authors reported that a change of the compressive in-plane strain of the ceria layers from about 0.1 to 1.1% results in an increase of the activation energy by 0.2 eV. Assuming an almost linear trend of activation energy versus strain for strain values within±1%, the reported effect in ref. [@b45] is in line with our measurements.

Comparing the effect on SDC to a different oxygen ion conductor, that is, yttria-stabilized zirconia (YSZ), a similar increase in conductivity can be extrapolated for this particular strain value (0.35%) from a theoretical study on the influence of strain in YSZ[@b46]. The result reported here is also in agreement with the ∼3.4-fold enhanced conductivity measured for YSZ/Y~2~O~3~ 0.8% strained multilayers with columnar morphology[@b47]. Few papers report no effect at all, for example, using CeO~2~/YSZ multi-layered heterostructures[@b32], where the typical YSZ bulk conductivity was measured for all samples. In that work, the non-uniform strain along the layers revealed by high-resolution TEM and RSM could not be quantified and the residual and effective strain could be small. Moreover, only the temperature range above 400 °C was investigated, whereas in the present work, impedance measurements were acquired down to a minimum temperature of 280 °C, and it is precisely at lower temperatures where the effect is more evident.

On the contrary, as already pointed out, many other papers report very large strain effect on the ionic conductivity which are not in agreement with this or the above-mentioned studies. Several examples can be found in ref. [@b8]. Finally, the effect of the local strain arising from buckling in free-standing polycrystalline membranes of doped ceria[@b48], as eventually relevant for devices, is discussed elsewhere, as well as the effect of strain in polycrystalline samples (sintered pellets or film crystallized by post-annealing), where the origin of strain is the specific local micro-morphology[@b49], which is completely different to the almost single crystalline samples in our study.

Discussion
==========

Our results on the role of strain on the ionic conductivity in Sm-doped ceria shows that, as reported in many literature contributions, lower activation energies indeed result from tensile lattice distortions in the direction of the migration of the charge carriers. Our study was conducted on samples as closely resembling a uniformly strained single crystal as it was experimentally possible showing the characteristic bulk conductivity of the material under investigation.

It should be highlighted that the in-plane geometry of the electrical characterization dictates stringent limitations to the choice of the substrate. As a consequence, a relatively small value of residual and effective strain could be preserved. However, it was shown that significantly larger strain can be achieved. As an example, extrapolating the observed effect of strain on the activation energy, around 350 °C, a 0.5% tensile strained ion conductor, as achieved for films grown on NGO, would show the same conductivity as the unstrained conductor at around 450 °C.

Beside the specific application to oxygen ion conductors, which supports the thesis of a relatively small effect of strain on ionic conductivity, the most important result of our study is that it has been clearly shown that the MOSS is a valuable tool for investigating *in situ* the mechanism of stress generation and evolution in complex multi-layered oxide heterostructures. The stress states arising for different lattice mismatches as well as the relaxation behaviour in the epitaxial oxide films grown by PLD could be clearly monitored and were found to be in very good agreement with standard *ex situ* XRD analysis. Moreover, the stress state of the film can be clearly identified also for very thin layers in the nanometre range, well below the limit of conventional XRD analysis. Finally, the MOSS diagnostic of oxide materials has been coupled for the first time with RHEED during PLD.

Strain-controllable ionic or mixed ionic/electronic conductivity can boost the development of oxide heterostructures as active components for micro-electrochemical devices[@b45], such as micro-SOFCs[@b50], electrochemical sensors, resistive switching memories[@b51], or as active catalytic surfaces. But the potential of the MOSS plus RHEED diagnostics for lattice strain engineering goes far beyond this, providing a tool for tuning material properties for a broad range of applications (multiferroicity, catalysis, nano-device fabrication) in many different disciplines opening unprecedented opportunities in Materials Science.

Methods
=======

Thin film deposition and *in situ* techniques
---------------------------------------------

The thin films were fabricated in a PLD system from Twente Solid State Technology with integrated MOSS and RHEED systems (k-Space Associates, Inc.). The vacuum chamber, equipped with load-lock chamber, has a base pressure of about 10^−8^ mbar. Gas inlet lines allow setting the required background partial pressure during the deposition. A radiant resistive heater sets the desired deposition temperature. The substrate temperature was monitored with a pyrometer. The target carousel can hold up to five different targets. A custom-made substrate holder allows the simultaneous alignment of the substrate surface with the ablation plume, the RHEED and the MOSS systems.

10 × 10 × 0.5 mm^3^ substrates from CrysTec GmbH are used. For MgO, a special substrate preparation is required where the substrates are cut in small wafers after polishing in order to obtain negligible surface curvature. This procedure results in a not atomically flat surface, as revealed by RHEED. By annealing the substrates in O~2~ at 1,000 °C for 12 h, two-dimensional surface reconstruction was obtained. The substrate holder supports the substrate only in the corners without mechanical constrain to allow it to bend freely. As the MgO substrates have a transmission wavelength range of 0.2--8 μm, to ensure an accurate temperature reading and an efficient substrate heating, the unpolished surface of the substrates is coated with Pt (sputtered with 40 W at 3 × 10^−2^ mbar for 4 min, ∼400 nm) used as heat absorber. Such a thin layer does not affect the overall elastic properties of the substrate; neither has it influenced the MOSS measurements of the relative changes in the substrate curvature.

Ceramic sintered pellets of BZO, STO and 15 at.% SDC, prepared in our laboratories, were ablated using a 248-nm KrF excimer laser (Coherent Lambda Physics GmbH) with pulse lenght of 25 ns. A spot size of the laser on the target of 1.2 mm^2^, a fluence of 1.2 J cm^−2^, a frequency of 4 Hz and a target to substrate distance of 5 cm were used. The oxygen back ground pressure was set to 5 × 10^−2^ mbar. BZO and STO were deposited at ∼740 °C and SDC, unless otherwise indicated, at 650 °C. The deposition rates have been accurately calibrated by X-ray reflectometry to be 0.14 Å pulse^−1^ for BZO, 0.09 Å pulse^−1^ for STO and 0.11 Å pulse^−1^ for SDC. The samples were well reproducible, for example, concerning crystallinity, stress state, conductive properties and so on.

For the *in situ* wafer curvature measurement with the MOSS, a 3 × 3 array of laser beams is used. Typically, the measured wafer curvature is converted into the stress-thickness product via Stoney\'s equation and plotted as a function of thickness (see [Supplementary Methods](#S1){ref-type="supplementary-material"} for more details; [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). The main advantages of MOSS over similar techniques, for example, using a cantilever as substrate, are that any substrate can be used, no position-sensitive detector is needed, and the noise is reduced through multiple beams.

*Ex situ* characterization
--------------------------

XRD characterizations were performed with a Siemens D500 diffractometer. The RSMs were recorded for the MgO(113) and the SDC(204) diffraction peak separately with the integration time for the film peak being 20 times higher. The RSMs consist of rocking curves, recorded for a range of 2*θ* values. The centre of the diffraction is determined by fitting individual rocking curves in the software Diffract.EVA.

A difference in the thermal expansion coefficients could lead to different *in* and *ex situ* strain values. However, the linear expansion coefficients for the materials used in this work are all around 10^−5^ K^−1^ (NGO (ref. [@b52]), MgO (ref. [@b53]), LAO (ref. [@b54]), SDC (ref. [@b55]), STO (ref. [@b54]), BZO (ref. [@b56])) and the expansion mismatch is negligible (for example, 0.003% for SDC grown at 700 °C on MgO).

Cross-sectional TEM specimens were prepared by mechanical polishing and low-voltage Ar^+^ ion milling for the final thinning. TEM and STEM investigations were performed on a Titan 80-300 (FEI) Environmental Transmission Electron Microscope equipped with an imaging-side aberration corrector. The experiments were conducted at an acceleration voltage of 300 kV. Atomic-resolution Z contrast images were obtained by HAADF and BF STEM imaging. The inner and outer collection angles of the detector were 70 and 200 mrad, respectively.

The impedance spectroscopy measurements were carried out under a flow of O~2~ in a tube furnace. Rectangular parallel Pt electrodes were used, defined by stainless steel masks except for the characterization of the growth platform, where interdigitated electrodes were patterned by ultraviolet photolithography ([Supplementary Methods](#S1){ref-type="supplementary-material"} and [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}). The electrodes were deposited by magnetron sputtering at room temperature. Pt was sputtered with 40 W at 3 × 10^−2^ mbar for 2 min (100--200 nm) on a Ti sticking layer sputtered with 20 W at 7 × 10^−2^ mbar for 1.5 min (∼5 nm). The target to substrate distance was 4 cm. The electrodes were wired to the read-out electronics using Ag paste and Au wires. The impedance was measured using a Solartron 1260 impedance/gain-phase analyser with a bias voltage of 1 V in the frequency range between 1 Hz and 1 MHz, varying the temperature between 300 and 720 °C. Data analysis was performed with EC-Lab (V10.31), where the data were fit to the response of a RC parallel circuit.
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![Working principle of the multi-beam optical stress sensor (MOSS).\
10 × 10 mm^2^ MgO substrate on the sample holder of the PLD system equipped with MOSS and RHEED. A 3 × 3 array of parallel laser beams (visible as bright spots on the substrate surface) is reflected by the substrate towards a CCD camera that records the relative distance between the laser spots. The paths of two laser beams of the MOSS and of the electron beam of the RHEED are sketched. The growth of a strained layer induces a change of curvature (1/*ρ*) of the substrate and a change of the direction of the reflected laser beams. The effect of a stress-induced curvature of the substrate is illustrated in cross-section for the case of an in-plane tensile strained film (*ρ*\>0). The relative curvature change is obtained by measuring the change in the relative distance (*D*−*D*~0~)/*D*~0~ between the laser beams; *D*~0~ being the distance at the beginning of the growth, *L* the optical path length and *α* the incident angle. From the CCD image, the MOSS software calculates the average of (*D*−*D*~0~)/*D*~0~ using all nine beams.](ncomms10692-f1){#f1}

![MOSS and XRD analysis of SDC films grown on NGO and MgO and LAO.\
(**a**) Stress-thickness product, evaluated using the Stoney equation and the elastic properties of the substrates[@b57][@b58][@b59], as a function of thickness. A positive (negative) stress value indicates an in-plane tensile (compressive) stress for the film. *ɛ* is the lattice mismatch ([Table 1).](#t1){ref-type="table"} (**b**) *ω*/2*θ* scans. \*indicates the substrate peak and X is an instrumental artefact (*K*~β~ reflection of substrate). (**c**) Magnification of the region around the (002) diffraction peak of SDC. The dashed line indicates the angular position for the fully relaxed SDC structure. The peak shifts are in accordance with the sign of the stress-thickness product.](ncomms10692-f2){#f2}

![XRD, MOSS and RHEED analysis of SDC on MgO+BZO+STO.\
(**a**) *ω*/2*θ* scans. \* and X indicate the substrate peak and an instrumental artefact (*K*~β~ reflection of substrate), respectively. (**b**) Magnification of the region around the (002) diffraction peak of SDC. The stress-free film on MgO is included for comparison. (**c**) RSM of the (204) reflection of the 20-nm SDC film. The (113) asymmetric diffraction of the MgO substrate was used for alignment. Orange square indicates the unstrained literature values and blue square the centre of the SDC(204) reflection. (**d**) representative MOSS measurement of wafer curvature during the growth of a complete heterostructure and (**e**) simultaneous RHEED measurement. For the RHEED diagnostic, the electron beam is parallel to the (110) direction of the substrate, thus parallel to (110) of BZO and STO, which show a cube-on-cube growth, but parallel to (100)---equivalently (010)---direction of SDC due to the in-plane 45° rotation of the unit cell of the ionic conductor with respect to the template platform. (**f**) MOSS measurements during the growth of the SDC films with different stress states.](ncomms10692-f3){#f3}

![TEM analysis of SDC on MgO-BS (left) and on MgO (right).\
Low-magnification cross-sectional HAADF-STEM image of (**a**) ∼21-nm-thick SDC film on MgO-BS and (**b**) ∼32-nm-thick SDC film on MgO. Scale bars correspond to 50 nm (**a**), 50 nm (**b**), 5 nm (**c**), 5 nm (**d**). Bright-field high-resolution STEM image of the SDC film on MgO-BS (**c**) and on MgO (**d**). One of the local defects (tilted grains) is shown in **d** together with the positions, marked with arrowheads, of some interfacial misfit dislocation at the SDC/MgO interface. The TEM micrographs were acquired along \[010\] direction of MgO.](ncomms10692-f4){#f4}

![Impedance spectroscopy measurements of SDC films with different strain.\
(**a**) Conductivity measurement of the MgO+BZO+STO (MgO-BS) template platform compared with literature references of unstrained Sm-doped ceria bulk: 20 at.% Sm (20SDC(1) (ref. [@b39])) and 10 and 20 at.% Sm (10SDC(2) and 20SDC(2) (ref. [@b40])). (**b**) Comparison of conductivity measurements of the SDC films fabricated for this study with different in-plane tensile strain values. (**c**) Activation energy for ion migration as a function of tensile strain. The error bar is determined form the standard deviation of the fit and empirically by comparison of independent measurements. (**d**) Activation energy versus SDC thickness and (**e**) Arrhenius pre-exponential factor of the SDC films with different strain values.](ncomms10692-f5){#f5}

###### Characteristics of the single crystal substrates used for this study.

  **Substrate**    **Crystalline structure**                       **Expected epitaxial relation**   **Lattice mismatch (%)**                   
  ---------------- ----------------------------------------------- --------------------------------- ------------------------------------------ --------------
  NdGaO~3~ (110)   Orthorhombic perovskite *a*=5.43 Å *c*=5.50 Å   In-plane                          SDC(10)\|\|NGO(10) SDC(110)\|\|NGO(001)      0.64, 0.39
                                                                   Out-of-plane                      SDC(001)\|\|NGO(110)                              
  LaAlO~3~ (001)   Pseudocubic perovskite *a*=3.82 Å               In-plane                          SDC(110)\|\|LAO(100) SDC(10)\|\|LAO(010)    −0.49, −0.49
                                                                   Out-of-plane                      SDC(001)\|\|LAO(001)                              
  MgO (001)        face-centered cubic *a*=4.21 Å                                                    None                                            ≈−29

Expected epitaxial relations and lattice mismatch with 15 at.% Sm-doped CeO~2~ are displayed. The lattice mismatch, given in percent, is calculated as *(a*~substrate~ *-- a*~SDC~*)/a*~substrate~.
